As shown by Allinson (1943) , many strains of P8eudomona2 fluorescen8 can grow on a medium containing inorganic salts with nicotinic acid as a sole source of carbon and nitrogen. When thus grown, washed cell suspensions will oxidize nicotinic acid forming carbon dioxide and ammonia, amongst other end products. The formation of the oxidative system is adaptive (Koser & Baird, 1944; Nichol & Michaelis, 1947) . More recent studies (Pinsky & Michaelis, 1952) suggest that the pyridine ring is split during the first stages of the oxidative attack and that either carbon 2' or carbon 6' is involved in the ring-opening reaction. In the present paper two lines of approach were used to study the oxidation. First, the oxidation of some halogensubstituted nicotinic acids was studied; the results indicated that carbon 6' rather than carbon 2' was involved in the ring-opening reaction. Secondly, the possibility that intermediates in the oxidation might accumulate during adaptation was examined and 6-hydroxynicotinic acid was isolated in the early stages.
EXPERIMENTAL
Organi8ma. Three strains of Pa. fluore8cem were isolated from soil-enrichment cultures by Mrs M. Kogut, Microbiology Department, Sheffield (Kogut & Brodoski, 1953) . The strain (KBI) used in most of the experiments was isolated from medium containing 01% sodium benzoate as a sole source ofcarbon; strain 221 was isolated from a citrate medium, and strain 224 from a succinate medium. The three strains grew readily in the inorganic medium of Koser & Baird (1944) Preparation and handling of washed suspensions. Cells for manometric experiments were grown in 200 ml. batches contained in 1 1. penicillin culture flasks which were shaken at room temperature for 18-24 hr. Each flask was inoculated with a loop of the culture from the solid medium. The average yield of cells was 100-150 mg. dry wt./200 ml. medium. After growth, the cells were collected by centrifuging, washed twice and then suspended in 0.9 % NaCl to give a suspension containing 10-12 mg. dry wt./ml. Dry wts. were estimated by drying a sample at 1100 and subtracting the dry wt. of an equal vol. of 0.9 % NaCl. In some experiments cells were grown on the surface of a medium solidified by the addition of 2-0 % agar. The oxidation of nicotinic acid was followed manometrically in a Warburg apparatus. Each flask contained cellsuspension (1 0 ml.) and 0-l phosphate buffer (KH, P04 adjusted with x-NaOH), pH 7-0 (0-5 ml.) in the main compartment. Nicotinic acid (0-5 ml.) was added from the side arm after equilibration for 20-30min. at Materials. The nicotinic acid used in preliminary studies was a specimen used as an analytical standard in the laboratory. It had been sublimed at 2300 and later recrystallized from aqueous ethanol (Knight, 1937; Hughes & Williamson, 1952) . This was assumed to be pure until it was found that immediately upon its addition to nonadapted cells there was an 02 uptake of 0-25-0-5,&mole O2/jumole nicotinic acid added/20min. but no corresponding * Present address: Department of Biochemistry, University of Oxford. disappearance of nicotinic acid. In view of similar findings by Lindgren & Palleroni (1952) with galactose this immediate oxygen uptake was assumed to be due to some contaminant rather than to any 'preadaptive oxidation' (Reiner & Spiegelman, 1947) . Another batch of nicotinic acid (British Drug Houses Ltd.) was found to behave similarly, whilst a third batch (Light and Co. Ltd.) inhibited both growth and adaptation, as compared with the other two. The three batches were purified by treatment with Norite charcoal in water at 800 followed by crystallization, sublimation at 2300 and recrystallization from water (see Hughes & Williamson, 1953) . No 'preadaptive' 02 uptake was then found with any of the specimens. The halogensubstituted nicotinic acids were purified as previously described (Hughes, 1954) . 6-Hydroxynicotinic acid was a commercial specimen (Light and Co. Ltd.) purified by treatment with Norite and crystallization from water; 2-hydroxynicotinic acid was prepared by the method of Phillips (1895); oc-hydroxypyridine was a commercial specimen (Light and Co. Ltd.) and was not further purified; 0/mg. dry wt. cells/hr. The total consumption was 36-4.3 umoles 02/1umole nicotinic acid and is in agreement with the results of Pinsky & Michaelis (1952) , but higher than those of Koser & Baird (1944) . 2:4-Dinitrophenol (10-2-10-4M) had no effect on oxygen consumption. The average rate of oxidation of 5-fluoronicotinic acid (5-FNA) was 10-20 % lower than that of nicotinic acid (Table 1 ). In the same batch of cells the total oxygen consumption for the oxidation of 5-FNA was less (0.2-0.5 mole 02/mole substrate) than that consumed in the oxidation of nicotinic acid (Table 1) .
After the oxygen uptake in the presence of nicotinic acid and 5-FNA had ceased, the contents ofthe flasks were placed in a boiling-water bath for 5 min. and the solid material was removed by centrifuging. A sample of the clear supernatant (0-1 ml.) was placed on a paper chromatogram in a spot measuring Chemical esimations. Ammonia was estimated by distillation in a modified Parnas apparatus followed by nesslerization. Nicotinic acid was estimated by the modified Konig reaction described by Hughes & Williamson (1953) . Nicotinic acid and other pyridine derivatives were detected on paper chromatograms by examination in ultraviolet light and were photographed as described by Markham & Smith (1949) . The CNBr spray reagent (Kodicek & Reddi, 1951) was used to detect pyridine derivatives not substituted in the x carbon. The solvents used for developing paper chromatograms were: n-butanol-acetic acid-water (Partridge & Westall, 1948); propanol-ammonia-water (Hanes & Isherwood, 1949) ; n-butanol-ethylamine (Hiscox & Berridge, 1950) ; ethyl acetate-water (Wollish, Schmall & Schaffer, 1951) . Spectrophotometric measurements were made in a Unicam spectrophotometer.
RESULTS
Oxidation of nicotinic acid and halogen-substituted nicotinic acids by adapted cells Washed suspensions of strain KBI, grown for 18-24 hr. on the nicotinic acid medium, oxidized nicotinic acid (2-5 ,umoles) at a rate of 3-7 umoles about 2 x 1 cm. and the chromatograms were developed as described. No detectable products of oxidation were found when the chromatograms were examined in ultraviolet light, by spraying with the CNBr reagent ofKodicek & Reddi (1951) or with the bromocresol green spray for organic acids (Buch, Montgomery & Porter, 1952 nicotinic acid. This substance could not be isolated because insufficient amounts of 5-CINA were available. In most batches of cells 5-bromonicotinic acid was not oxidized at a significant rate. The rate of oxidation of 2-fluoronicotinic acid (2-FNA) was generally the same as that of 5-FNA but the total oxygen consumption was considerably less (0-7-1-5 ,umoles O2/pimole 2-FNA); 6-fluoronicotinic acid was generally not oxidized at a significant rate (Table 1 ).
The oxidation of nicotinic acid during the period of adaptation The results on the oxidation of 5-FNA and 5-CINA described in the previous section supported the suggestion (Pinsky & Michaelis, 1952 ) that an early step in the oxidation of nicotinic acid is an opening of the pyridine ring and that the m-carbon is involved. It was not possible, however, to identify any intermediates formed. Studies were therefore continued on the oxidation of nicotinic acid itself and with cells grown on asparagine instead of nicotinic acid. This approach was developed from the following considerations. In the past, the mechanism of the oxidation of the aromatic ring by bacteriahasbeeninvestigatedbytwomainmethods.
First, the attempt to isolate the intermediates in the oxidation from the products ofgrowing cultures has been used mainly by Happold & Evans (see Happold 1950) ; secondly, the application of the technique of ' simultaneous' or 'successive' adaptation has been put to wide use by Stanier (1947) . This second method relies on the fact that each step in the oxidation of a substrate is controlled by at least one specific enzyme and that these enzymes are formed or otherwise became active successively, during adaptation. As judged by the length of time taken for cells to adapt to intermediates in an oxidative series, it seems likely that some enzymes are formed more easily than others (Stanier, 1947) ; it was thought, therefore, that if such were the case during adaptation to nicotinic acid, then during the adaptive period some intermediate might accumulate where the rate of enzyme formation became the rate-limiting reaction. This idea was tested in the present experiments as follows. Cells of strain KBI which had been grown with asparagine as the sole carbon source were collected, washed and suspended in 0-9 % NaCl (10 mg. dry wt./ml.). The suspension (1 0 ml.) was placed in Warburg flasks together with nicotinic acid (0-002M final concn.) and the volume made to 2-0 ml. with water. The flasks were incubated at 300 and the rate of oxygen uptake followed. Oxygen uptake continued at the same rate as in the controls containing no nicotinic acid for ca. 90-120min., afterwhichtherewas asuccessive increase until the maximum rate was assumed (90-140 min.) (Fig. 1) . The length of the lag period, 20 i.e. thetime beforethefirstincrease in rate ofuptake, which may be considered as the time taken for the cells to adapt to nicotinic acid, was not affected by the addition of phosphate buffer (0-005-0-05M) pH 7-0, nor by NH4C1 (0-1M). The lag period was however decreased by raising the concentration of nicotinic acid to 0-015M, but the time taken for the rate of uptake to reach its maximal value was not decreased under these conditions (Fig. 1) . This meant that the rate of oxygen uptake increased slightly at about 40-60 min. and continued at this slightly faster rate for about 20-30 min. and until from 0-5-0-6 ,lmole 02/j.mole nicotinic acid had been consumed. It seemed likely that during this early slight increase in rate of oxygen uptake some intermediate was formed to which the cells adapted slowly. Four pairs of Warburg flasks were therefore prepared, each pair containing the suspension of non-adapted cells (1-0 mg. dry wt.), one with nicotinic acid (30,umoles) and the other water to serve as control. The flasks were incubated at 30°a nd removed from the bath in pairs as follows: (1) and (2) at the beginning and end of the first increase in rate, (3) and (4) at the beginning and during the period of maximal rate of oxygen uptake (Fig. 1) . The contents of the flasks were centrifuged, the supernatants decanted and 0-1 ml. of each placed upon paper chromatograms. The chromatograms were developed in the butanol-acetic acid and butanol-ethylamine solvents, photographed in ultraviolet light and then sprayed with the CNBr reagent for nicotinic acid. The presence of a new Bioch. 1955, 60 Vol. 6o 305
D. E. HUGHES ultraviolet light absorbing spot other than nicotinic acid was detected in mother liquors from flasks (1), (2) and (3) (Fig. 1) , that is where the reaction had been stopped during the first period of increased rate of oxygen uptake. None of the new material was detected in the flask removed during the period of maximal uptake. The absorption spectra of solutions of the mother liquors and of the eluted spots in either HC1 or NaOH suggested the presence of a pyridine derivative (Fig. 2) . It did not react with CNBr, which indicated substitution in the a-carbon position.
spectroscopic properties of 6-hydroxynicotinic acid, 2-hydroxynicotinic acid and a-hydroxypyridine were therefore compared with the new intermediate. x, 2:6-dihydroxy nicotinic acid.
These results, together with those from the experiments with the halogen analogues, lend further support to the idea that the first reaction in the oxidative attack is one of substitution in carbon 2' or 6'. Argument by analogy with the established mechanism of the oxidation of the aromatic ring in bacteria (Evans, Smith, Linstead & Elvidge, 1951) suggested that the substituent group might be a hydroxyl and that the new product might be 2-or 6-hydroxynicotinic acid. The chromatographic and N-HCI of the new material and 6-hydroxynicotinic acid are identical (Figs. 2 and 3) . The new product thus resembles 6-hydroxynicotinic acid in chromatographic and spectrographic properties. The identity was established by isolation.
Isolation of 6-hydroxynicotinic acid Non-adapted cells were grown for 18 hr. on 1 1. of solid asparagine medium contained in three 8 x 1 1 in. enamelled iron trays. After washing, the 306 I955
NICOTINIC ACID OXIDATION cells (440 mg. dry weight) were suspended in 50 ml. 0-1 M phosphate buffer (pH 7.0) to which were added 50 ml. 0-O1M nicotinic acid. A 1 ml. samnple was placed in a Warburg flask. Another 1 ml. sample was centrifuged immediately and 0-2 ml. of the clear mother liquor added to 3-0 ml. N-HCI. Both the Warburg flask and the main bulk of the cells, contained in a 500 ml. conical flask, were shaken at 30°. Samples were removed at intervals from the bulk suspension (see Table 2 ), centrifuged and diluted in N-HCO as above. To detect the formation of 6-hydroxynicotinic acid, advantage was taken of the fact that its optical density at 260 mI,. is much greater than that of nicotinic acid (Figs. 2 and 3) .
The E260.,. of the mother liquors from successive samples were therefore measured. Shaking of the Warburg flask and main bulk was stopped temporarily during the preparation of sample and measurement of optical density. The optical density showed the expected increase as soon as the rate of oxygen consumption increased ( Table 2 ). The reaction in the bulk of the material was stopped by centrifuging off the cells when Eg6om,L showed a decrease, indicating that 6-hydroxynicotinic acid was being removed faster than it was being formed ( Table 2) . Readings were also taken at the isosbestic point (220 myt.) as a further check on the oxidation of 6-hydroxynicotinic acid. (Fig. 4a) ; suspensions of strains 222 and 224 gave similar results. On the other hand, the celLs did not oxidize 2-hydroxynicotinic acid, m-hydroxypyridine or 2:6-dihydroxynicotinic acid. Non-adapted cells adapted to oxidize 6-hydroxynicotinic acid (Fig. 4b) ; the length of the lag period was about the same as with nicotinic acid. Cells did not adapt to 2-hydroxynicotinic acid, 2:6-dihydroxynicotinic acid nor to m-hydroxypyridine when incubated for periods up to 4 hr. These results lend additional support to the idea that 6-hydroxynicotinic acid is an intermediate in the oxidation of nicotinic acid.
It is also of additional interest to note that cells adapted to oxidize 6-hydroxynicotinic acid also oxidized nicotinic acid itself without any lag phase (Fig. 4b) . No nicotinic acid was detected in the 6-hydroxynicotinic acid used in these experiments. It must be assumed therefore that the 6-hydroxy analogue is sufficiently similar to the parent compound to cause adaptation (cf. Cohn & Monod, 1953; Bernheim, 1953 Vol. 6o 307
D. E. HUGHES analogues might inhibit adaptation to nicotinic acid. Similar results have been subsequently found with halogen-substituted benzoic acids (Hughes, 1953) . When tested manometrically, washed suspensions were found to adapt to oxidize 5-FNA but not 2-FNA, 6-FNA, 5-CINA or 5-BrNA. The rate of adaptation to 5-FNA was much slower than adaptation to nicotinic acid (Fig. 4) . The effect of the halogen analogues on adaptation to nicotinic acid by washed suspensions was not tested further. 10 8 ( E 6 4 2 solid medium containing nicotinic acid, distributed equally betweennine enamelled irontrays measuring 10-5 x 14 in. The cultures were incubated for 22 hr. at room temperature, producing relatively young adapted cells. Cells (12-4 g. wet wt.) were washed from the agar with 0-9 % NaCl, strained through glass wool, collected by centrifuging and washed twice. After crushing at about -30°, the viscous material was mixed for 5 min. in a metal Potter-type homogenizer with 25 ml. of ice-cold 0-5M phosphate buffer, pH 7-0, and then centrifuged for 10 min. at 2500g. The cloudy supernatant extract on microscopic examination showed no detectable intact cells. The extract was salmon-pink in colour, highly viscous, and although it pipetted reasonably well it did not mix readily upon dilution. In order to assist dispersion therefore, six glass beads, 4 mm. (Hughes, 1951) Ps. fluore8cens. Each manometer flask contained cellfree extract (1-0 ml.) and nicotinic acid as indicated; total vol. 2-0 ml. Nicotinic acid concn.: x, Nil; 0, 5,umoles; * 10,lmoles; Ol, 50jumoles; A, 100,Amoles.
contents of the flasks were mixed after a minimal equilibration period of 10-15 min. at 30°. The extract (0-2-0-5 ml., containing material from 5-0-12-5 mg. dry wt. cells) oxidized nicotinic acid (10-15HAnoles) at the rate of 10-30 umoles 02/hr. Oxygen uptake in concentrations of nicotinic acid from 2-5 x 10-2 to 5 x 10-2M proceeded linearly for at least 80 min.; at lower concentrations the rate of oxygen uptake was linear for shorter periods and fell off progressively until all the added nicotinic acid was oxidized (Fig. 5) Properties of the enzyme preparations Extracts retained their activity unchanged when stored at -150 for 14 days but at 20 all enzyme activity was lost in 4-7 days. From IOto 20 % of the enzyme activity was lost upon incubation at 300 for 10 min., 50 %, at 400 and 100 % at 600; all enzyme activity was lost upon heating for 2 min. at 80-1000. Dialysis for 16 hr. at 2°against water or various phosphate buffers completely destroyed the enzyme activity. The lost activity was not restored by the addition of boiled intact cells or boiled extract. Diluting the extracts reduced the rate of oxidation much more than expected (Table 3 ). This fluorescens the molar ratio between oxygen consumed and nicotinic acid consumed gradually increases from 0 7 to 4 and led previous workers (Pinsky & Michaelis, 1952) to conclude that the first stage in the degradation requires less than 1 ,umole of oxygen. These workers also suggested that this first step might be concerned with a reaction involving the oc-carbon atom. The present finding that 6-hydroxynicotinic acid may be isolated during the reaction and that cells adapted to nicotinic acid will oxidize the hydroxy derivative fits quite well with the previous data but means that the pyridine ring is first hydroxylated before splitting occurs. The suggestion (Pinsky & Michaelis, 1952 ) that the carboxyl group remains intact until ring-opening has taken place is thus correct. The oxidative opening of the pyridine ring by a prior hydroxylation reaction thus parallels similar reactions in the benzoic acid series (Happold, 1950) where however the ringopening reaction is preceded by the formation of diphenols, followed by a split between the two adjacent hydroxyl groups with the formation of derivatives of cis-cis-muconic acid (Evans et al. 1951) . Because 5-fluoronicotinic acid is readily oxidized, the formation of 5:6-dihydroxynicotinic acidwouldnotbealikelyfurtherstepintheoxidative attack. The possibility of the formation of 2:6-dihydroxynicotinic acid is also unlikely as this compound is not oxidized. It is feasible that because the 6-hydroxy derivative exists in the pyridone form under the conditions of the experiments (Elderfield, 1951 ) the ring may split directly without further hydroxylation. An analogous opening of the pyridine ring may occur by reaction with cyanogen bromide to give derivatives of glutaconic dialdehyde (cf. Trim, 1948) . Such compounds have typical absorption spectra in the 350 m,u. region of the spectrum (Larsen & Haag, 1944; Hughes & Williamson, 1953) , but it has not been possible to detect such material during the oxidation of nicotinic acid or 6-hydroxynicotinic acid. It has been possible to confirm the previous findings that ammonia is formed early in the oxidative attack (Pinsky & Michaelis, 1952) . The formation of a glutaconic acid derivative therefore'seems feasible.
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